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The enzymes involved in Euglena oxidative phosphorylation (OXPHOS) were characterized in this
study. We have demonstrated that Euglena gracilis strain Z and its stable bleached non-photosyn-
thetic mutant strainWgmZOﬂL both possess fully functional OXPHOS apparatus as well as pathways
requiring terminal alternative oxidase(s) and alternative mitochondrial NADH-dehydrogenase(s).
Light (or dark) and plastid (non)functionality seem to have little effect on oxygen consumption,
the activities of the enzymes involved in OXPHOS and the action of respiration inhibitors in Euglena.
This study also demonstrates biochemical properties of complex III (cytochrome c reductase) in
Euglena.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Euglena gracilis is a freshwater photosynthetic ﬂagellate, which
belongs to the order Euglenida and the protist phylum Euglenozoa.
Besides osmotrophic, phagotrophic and phototrophic euglenids,
Euglenozoa comprise also exclusively non-photosynthetic groups
such as diplonemids, symbiotids and kinetoplastids (including
bodonids and parasitic trypanosomatids) [44,7]. Euglenozoa share
various common features such as the addition of non-coding
capped spliced-leader (SL) RNA to nucleus-encoded mRNAs via
trans-splicing [22], relaxed regulation of nuclear transcription
[30,51], the presence of unusual ‘‘J’’-base in nuclear DNA [16], com-
mon motifs in mitochondrial targeting peptides [32], characteristic
discoidal mitochondrial cristae and feeding apparatus [43,47].
Moreover, 41 subunits of respiratory chain, which were previouslythought to be exclusively shared by trypanosomatids, were
recently identiﬁed in E. gracilis [37].
The euglenozoan mitochondria possess biochemical properties
of both aerobic and anaerobic mitochondria [23,19]. OXPHOS in
E. gracilis has been already studied from different points of view.
However, most of the studies concentrated only partly on this pro-
cess and complexes involved in it. It was shown that yeast and beef
cytochrome c oxidases (complex IV) have extremely low afﬁnity to
Euglena cytochrome c [14]. Cytochrome c oxidase from E. gracilis
mitochondria containing 15 subunits was puriﬁed, and this
enzyme was highly active in the presence of Euglena cytochrome
c, but its activity was very low, when the horse cytochrome c
was used as a substrate [8]. E. gracilis cytochrome c reductase
(complex III) containing 10 subunits was isolated, but it was only
marginally active and it was not sensitive to antimycin A [36]. In
addition, Euglena cytochrome c1 of complex III has also an atypical
heme-binding structure [36]. Cloning of genes for subunits I, II and
IX of Euglena complex III revealed that subunits I and II are homol-
ogous to core proteins of complex III family, while subunit IX has
no identiﬁable homologues in other organisms [13]. There exists
also the evidence for the presence of alternative respiratory path-
ways in E. gracilis, i.e. alternative oxidase (AOX) transfers electrons
directly from ubiquinol to oxygen [15] and it is likely involved in
688 K. Krnácˇová et al. / FEBS Letters 589 (2015) 687–694the cellular response to oxidative stress in this ﬂagellate [10,11].
The presence of AOX in E. gracilis was also conﬁrmed by in silico
analysis [37]. Another alternative respiratory pathway in Euglena
includes the lactate dehydrogenase which transfers electrons from
lactate directly to ubiquinone [35] and it is an integral part of the
lactate/pyruvate shuttle [27]. Moreno-Sánchez et al. [35] also sug-
gested the presence of two complexes III in E. gracilis – the ﬁrst one
sensitive to antimycin A and resistant to myxothiazol and the sec-
ond one sensitive to myxothiazol and resistant to antimycin A, in
contrast to complexes III from other organisms which are sensitive
to both inhibitors.
Although the majority of euglenids are non-photosynthetic,
some of them, including E. gracilis, possess secondary plastids
bounded by three membranes, which arose by a symbiosis of a
Pyramimonas-related green alga [18,48]. However, the permanent
loss of photosynthetic ability – bleaching – can be induced exper-
imentally in E. gracilis by treatment with various drugs inhibiting
bacterial replication, transcription or translation underlying the
cyanobacterial origin of Euglena plastid genome (for review see
[31]). E. gracilis strain Z was treated with N-succinimide derivative
of oﬂoxacin and the bleached mutant WgmZOﬂL was obtained [38].
In this study, we have decided to test the biochemical proper-
ties of mitochondrial respiratory chain in E. gracilis strains Z and
WgmZOﬂL. Mitochondria were isolated from both strains grown in
the light and in the dark. OXPHOS complexes were characterized
by two dimensional (2D) (native/denaturing) electrophoresis and
by immunodetection using several antibodies against correspond-
ing trypanosomatid proteins. The enzymatic activities of respira-
tory chain complexes were measured quantitatively and they
were also detected in native gels qualitatively. Oxygen consump-
tion by isolated mitochondria was measured using various sub-
strates for respiration in the absence and presence of respiration
inhibitors. Complex III (cytochrome c reductase) of Euglena respira-
tory chain was chromatographically isolated, and its kinetic
parameters and spectral properties of cytochromes b and c1 were
characterized.
2. Materials and methods
E. gracilis strain Z (Pringsheim strain Z, SAG 1224-5/25 Collec-
tion of Algae, Göttingen, Germany) and its white mutant WgmZOﬂL
[38] were grown statically in 100 ml Erlenmeyer ﬂasks containing
50 ml of Hutner media [26] at 26 C under constant permanent
light conditions (using cool white light, 30 lmol photons m2 s1)
and also permanently in the dark. Medium was inoculated with 5
 104 cells per ml. Cultures in the exponential growth phase were
used for mitochondria isolation.
Mitochondria were isolated from 108 cells by differential cen-
trifugation as described in [35] with the following modiﬁcations:
Sonicator Soniprep 150, SANYU was used; microprobe of 10 mm
tip with amplitude 10–6 times for 9 s, and 90 s resting on ice.
Mitochondria were suspended in 60 ll of ACA solution (0.5 M
aminocaproic acid; 25 mM imidazol, pH 7), and the addition of
10% dodecylmaltoside to ﬁnal concentration 2% was followed by
a 1 h incubation on ice. The lysate was spun in a microcentrifuge
(24000g, 30 min, 4 C) and Bradford method [6] was used for
measuring protein concentration.
Lysate was used for electrophoresis as well as for spectrophoto-
metric measurement of enzymatic activities. SDS denaturation
electrophoresis and BN (blue native) as well as 2D BN-SDS electro-
phoresis were performed as described in [39] and [40], respectively.
The activities of NADH dehydrogenase (complex I), succinate
dehydrogenase (complex II) and ATP-ase (complex V) were mea-
sured as described in [20,4,42], respectively. Activities of cyto-
chrome c reductase (complex III) and cytochrome c oxidase(complex IV) were measured as described in [24]. The unit (U) of
the enzymatic activities is deﬁned as an amount of the enzyme
required for conversion of: (i) 1 nmol of NADH/min for NADH
dehydrogenase; (ii) 1 nmol of 2,6-dichlorophenolindophenol/min
for succinate dehydrogenase; (iii) 1 lmol of cytochrome c for both
cytochrome c reductase and cytochrome c oxidase; (iv) 1 nmol of
ATP (releasing of 1 nmol of free phosphate)/min for ATP-ase.
Western blot analysis and immunodetection were performed as
described in [25]. The primary antibodies were used against sub-
units of: complex III – apocytochrome c1 trypanosomal protein
[25] (dilution 1:500), complex IV – trCOIV leishmanial protein
[34] (dilution 1:500), and complex V – polyclonal anti-beta subunit
of crithidial F1 moiety [46] (dilution 1:1000). The anti-rabbit sec-
ondary antibodies with conjugated peroxidase (Sigma) were used.
Visualization was done using Pierce ECL Western Blotting Sub-
strate kit following the protocol recommended by the supplier.
In-gel staining of the activities of complexes I, II, IV and V were
detected as described in [49] adapted from [52].
Clark oxygen electrode (Model 782, Strathkelvin Instruments)
was used for measuring the oxygen consumption by mitochondria
using the protocol described by the manufacturer. 45–75 ll of iso-
lated mitochondria (containing 500 lg proteins) was added to
500 ll of measuring buffer (0.65 mM manitol; 10 mM tris–HCl;
40 mM KPi, pH 6.8). Independent measurements were performed
in which 10 mM NADH, 10 mM lactate, 10 mM succinate, 10 mM
pyruvate + 10 mM malate, 20 mM glycerol-3-phosphate, 10 mM
citrate and 10 mM 2-oxoglutarate were used as substrates for res-
piration. Respiration was also measured after the addition of respi-
ration inhibitors: 1 mM SHAM (salicylhydroxamic acid), 0.03 lM
antimycin A, 5 lM myxothiazol and 0.1 mM KCN. The inhibitors
were titrated to ﬁnd out the lowest effective concentration.
Complex III was isolated from dark-grown E. gracilis strain Z by
anion-exchange chromatography as described in [24] Chromato-
graphic protein fractions with the highest enzymatic activities of
complex III were mixed together, concentrated by centrifugation
through an Amicon XM100 ultraﬁlter and further characterized.
The enzymatic activity of complex III was measured using various
concentrations of cytochrome c (5–100 lM). The kinetic parame-
ters KM and Vmax of isolated complex III were calculated using
Lineweaver–Burk plot. The unit (U) of cytochrome c reductase
activity is deﬁned as an amount of the enzyme required for conver-
sion of 1 lmol of cytochrome c.
Native spectra of cytochromes b and c1 (subunits of complex III)
were measured at the room temperature using a Varian Cary 50 Bio
UV–visible spectrophotometer. The reduced and oxidized spectra
were obtained as described in [24]. Concentrations of cytochrome
b and c1 in isolated complex III were calculated using bovine
extinction coefﬁcients as described in [1].
3. Results
2D (Blue native vs. SDS denaturing – BN/SDS) electrophoretic
analysis of mitochondrial membrane proteins of dark-grown E.
gracilis strain Z (EGZ-D) is shown in Fig. 1(A and B). 2D proﬁle of
dark-grown mutant WgmZOﬂL (OFL-D) was essentially the same
(data not shown). The observed 2D proﬁle (Fig. 1B) is more com-
plex than that of trypanosomatids or yeast [24,41,49]. Western blot
analysis using antibodies against trypanosomatid subunits of com-
plex III (apoc1), IV (trCOIV) and V (b-F1 subunit) (Fig. 1C) revealed
aggregation of OXPHOS enzymes. The positions of enzyme com-
plexes III, IV and V are marked in Fig. 1(B) by rectangles. They were
estimated by comparison of our and published [37] 2D electropho-
resis of OXPHOS enzymes and conﬁrmed by Western blot results.
Histochemical staining experiments (Fig. 2) also suggested
aggregation of complexes IV and V. While complex II forms only
Fig. 1. Mitochondrial membrane protein proﬁle of dark-grown E. gracilis strain Z
after 2D (native vs. denaturing) electrophoresis and Western blot analysis. (A) 1st
dimension – blue native (BN) PAGE, 2–10% gradient gel. (B) 2nd dimension – SDS
PAGE, 10% tricine gel. The positions of OXPHOS enzymes of complexes III, IV and V
are marked by rectangles. (C) Western blot analyses using antibodies against
apocytochrome c1 (complex III) – apoc1, subunit IV of cytochrome c oxidase
(complex IV) – trCOIV, and subunit b-F1 of ATP-synthase (complex V) – b-F1. The
positions of OXPHOS aggregates detected by Western blot are indicated by arrows.
MW markers in native gel are marked on the top: 440 kDa monomer of ferritin
(dash line), 880 kDa dimer of ferritin (solid line).
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which are unlikely to be just a monomer and its homodimer with
respect to their MWs (Fig. 2). Since there is currently no reproduc-
ible assay to detect the activity of complex III in the native gel [49],
the histochemical staining of complex III was not carried out.
The speciﬁc activities of mitochondrial membrane complexes I,
II, III, IV and V were measured in the EGZ-L, EGZ-D, OFL-D and OFL-
Z (Table 1). All complexes of respiratory chain seem to be fully
functional in OFL. Complexes I, II, III and IV are more active in
the dark than in the light in both EGZ and OFL. The measuredFig. 2. Histochemical detection of the enzymatic activities of complexes of
respiratory chain in dark-grown E. gracilis strain Z. NADH dehydrogenase (cI),
succinate dehydrogenase (cII), cytochrome c oxidase (cIV) and ATP-ase (cV).
Positions of bands with enzymatic activities are marked by arrows. MW markers:
132 kDa dimer of BSA (dotted line), 440 kDa monomer of ferritin (dashed line), and
880 kDa dimer of ferritin (solid line).activities in OFL-D were taken as 100%, since they were the highest
for all complexes (except for complex V), and the activities in OFL-
L, EGZ-L and EGZ-D are shown in % in comparison to OFL-D
(Table 1). The measured activities in OFL-D mitochondria from
various isolations varied for complexes: I (10–71 U), II (24–46 U),
III (178–910 mU), IV (0.77–2.66 mU) and V (7–17 U). The speciﬁc
activities of complexes I, II, III and IV were the lowest and the activ-
ity of the ATP-ase was the highest in EGZ-L (Table 1).
We also compared the effect of light and dark growth condition
on the respiration of EGZ and OFL strains using 10 mM lactate as a
substrate (Fig. 3A). In OFL, respiration seemed to be slightly
increased in the light. In EGZ, remarkable lower respiration of
mitochondria isolated from cells grown in the dark than in the light
(roughly 50%) was observed (Fig. 3A). The speciﬁc consumption of
oxygen by OFL mitochondria isolated from different cultures ran-
ged from 7.5 to 29.8 nmol min1 mg1.
Under our experimental conditions, 10 mM NADH was the best
substrate for mitochondrial respiration of OFL-D (Fig. 3B). The con-
sumption of oxygen after the addition of 10 mM NADH was even
about 38% higher than after the addition of 10 mM lactate. We
decided to compare lactate, succinate, pyruvate + malate, glyc-
erol-3-phosphate, citrate and 2-oxoglutarate as substrates for
mitochondrial respiration of OFL-D more in detail (Fig. 3B).
10 mM succinate was better substrate for respiration than combi-
nation of 10 mM pyruvate and 10 mM malate (Fig. 3B). After the
addition of 20 mM glycerol-3-phosphate, only residual respiration
could be measured. After the addition of 10 mM citrate and 10 mM
2-oxoglutarate, no oxygen consumption could be measured. Com-
parable results were obtained for OFL-L, EGZ-L and EGZ-D.
We also tested the decrease of oxygen consumption after the
addition of inhibitors KCN, antimycin A, myxothiazol and SHAM
in OFL-D, OFL-L, EGZ-L and EGZ-D using lactate and succinate as
substrates (Fig. 4). The respiration inhibitory effect of the inhibitors
markedly differed (Fig. 4). However, no statistically signiﬁcant
strain-, light-(dark-) or substrate-speciﬁc respiration inhibitory
reaction of any inhibitor was observed. Inhibitory effect of KCN
was stronger when succinate (residual activities 20–22% of basal
respiration) than when lactate (residual activities 31–34%) was
used as a substrate for respiration in OFL. In contrast, residual
activities after KCN treatment of EGZ using succinate and lactate
were 32–34% and 23–24%, respectively (Fig. 4). None of the differ-
ences between corresponding values were statistically signiﬁcant
(p-values were higher than 0.13). The correlation of antimycin A
inhibitory action with speciﬁc condition was statistically signiﬁ-
cant neither (6–13% ﬂuctuation between pairwise experiments,
p-values higher than 0.12). The addition of myxothiazol resulted
in statistically signiﬁcant difference between the usage of lactate
and succinate as substrates only in EGZ-L (p-value 0.005), while
p-value for EGZ-D was 0.055. With the exception of EGZ-D, SHAM
slightly inhibited the oxygen consumption when lactate was used,
while essentially no inhibition was observed when succinate was
used as a substrate for respiration (Fig. 4).
Complex III was chromatographically isolated (see Section 2)
from EGZ-D. 2D electrophoresis of chromatographic fraction with
the highest enzymatic activity of complex III is shown in Fig. 5.
TheWestern blot analysis using trypanosomatid antibodies against
apocytochrome c1 (Apoc1, subunit of complex III) conﬁrmed the
purity of isolated enzyme (data not shown). KM and Vmax of isolated
complex III were 41 lM and 75 U/mg, respectively.
Two clear different peaks have been generally observed in the
absorbance spectrum of partially or completely reduced complex
III isolated from other organisms – the ﬁrst one about 525 nm,
the second one about 560 nm [1–3,24]. The absorbance spectrum
of complex III isolated from EGZ-D is missing the ﬁrst peak at
525 nm (Fig. 6A). Only a turning point at 529 nm was observed
in the slope of the curves corresponding to partially or completely
Table 1
Comparison of relative oxidative phosphorylation enzymes activities measured by spectrophotometry. E. gracilis white mutant strain WgmZOﬂL grown in the dark (OFL-D) and in
the light (OFL-L), strain Z grown in the dark (EGZ-D) and in the light-(EGZ-L); activities of OFL-D was taken as 100%. Complex I – NADH dehydrogenase, complex II – succinate
dehydrogenase, complex III – cytochrome c reductase, complex IV – cytochrome c oxidase, complex V – ATP-synthase. The presented data are the average of measurements in
lysates of several independently grown cells and isolated mitochondria (complex I – 6, complex II – 3, complex III – 7, complex IV – 5 and complex V – 3).
Complex I (%) Complex II (%) Complex III (%) Complex IV (%) Complex V (%)
OFL-D 100 100 100 100 100
OFL-L 64 ± 23 84 ± 31 89 ± 13 55 ± 26 110 ± 22
EGZ-D 57 ± 21 80 ± 6 54 ± 17 73 ± 46 123 ± 56
EGZ-L 30 ± 25 62 ± 16 42 ± 20 50 ± 37 125 ± 101
Fig. 3. Comparison of oxygen consumption. (A) Relative oxygen consumption in E. gracilis white mutant strain WgmZOﬂL grown in the dark (OFL-D) and in the light (OFL-L),
and strain Z grown in the dark (EGZ-D) and in the light (EGZ-L) using 10 mM lactate as a substrate; oxygen consumption of OFL-D was taken as 100%. (B) Oxygen consumption
in dark-grown WgmZOﬂL using different substrates. The concentrations of substrates were: 10 mM NADH, 10 mM lactate (lact), 10 mM succinate (succ), 10 mM
pyruvate + 10 mM malate (mal + pyr), 20 mM glycerol-3-phosphate (G3P). Presented data are the average of 12–40 measurements done with mitochondria isolated 2–4
independently grown cell cultures.
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dithionate-ascorbate differential spectra (Fig. 6B). The second peak
of complex III appearing at 562 nm and at 560 nm for dithionate-
and for ascorbate-reduced spectra, respectively, is comparable
with parameters of complex III from other organisms. Very similar
absorbance and differential spectra were observed for complex III
isolated from OFL-D (data not shown). The ratio of cytochromes
b and c1 in the complex III was calculated as 1.9. Although the used
extinction coefﬁcients were bovine ones, the calculated ratio (1.9)
was very similar to the expected one (2).4. Discussion
Biochemical parameters of the OXPHOS enzymes were mea-
sured in two E. gracilis strains, wild type strain EGZ and its
bleached mutant OFL both grown either in the light or in the dark.
This approach allowed us to evaluate the impact of light, dark and
the loss of photosynthetic activity on OXPHOS. We have conﬁrmed
that active OXPHOS enzymes are present in mitochondria in both
aerobically grown strains. In contrast to EGZ, OFL mutant was
expected to possess some defects in respiration, because it was
Fig. 4. Respiration inhibition by KCN, antimycin A, myxothiazol and SHAM using lactate or succinate as substrates. E. graciliswhite mutant strainWgmZOﬂL grown in the dark
(OFL-D) and in the light (OFL-L), and strain Z grown in the dark (EGZ-D) and in the light-(EGZ-L). Concentrations of used inhibitors and substrates can be found in the Section
2. The effective concentrations of the inhibitors were titrated (data not shown), and higher concentrations than those used in our experiments did not lead to exponential
increase in the efﬁciency of the inhibitory effect. The oxygen consumption without any added inhibitor was taken as 100% (basal respiration). The presented data are the
average of 3–20 (mostly 6–8) measurements done with mitochondria isolated from at least 2 (mostly 3 and more) independently grown cell cultures.
Fig. 5. 2D (native vs. denaturing) electrophoresis of chromatographically isolated
mitochondrial enzymatic complex III (cytochrome c reductase) of dark-grown E.
gracilis strain Z. The ﬁgure demonstrates high purity of isolated complex III and no
tendency of the complex to form multimeric structures. MW markers in native gel
are marked on the top: 440 kDa monomer of ferritin (dash line), 880 kDa dimer of
ferritin (solid line). MW marker in 2nd (denaturing) gel is indicated in kDa on the
right side of the ﬁgure.
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[38]. However, our experiments suggest that OFL possesses normal
respiratory chain.
It is of interest and evolutionary importance to compare the
number and structure of active enzymatic OXPHOS complexes in
trypanosomatids and euglenids, both belonging to the monophy-
letic taxon Euglenozoa. No complex I activity can be detected innative gels in trypanosomatids Leishmania tarentolae and Crithidia
fasciculata [49]. In Trypanosoma brucei and Phytomonas serpens,
complex I can be detected in a single and two active forms, respec-
tively [12,49]. Two catalytically active forms of complex I were also
detected in Euglena (Fig. 2). Their sizes suggest that the larger one
is not a dimer of the smaller one. More likely, the smaller form
does not contain some subunits associated with the larger form,
which are not essential for in vitro activity similarly like in Phyto-
monas [12]. Only a single active form of complex II is present in all
trypanosomatids studied so far (except for C. fasciculata) [49] as
well as in Euglena (Fig. 2). The size of Euglena complex II (Fig. 2)
is consistent with the results of the recent transcriptomic survey
study [37], in which various homologues to trypanosomatid com-
plex II subunits were found in addition to four subunits generally
found in eukaryotes. Euglenozoan ancestor thus likely possessed
complex II quite diversiﬁed from other eukaryotic lineages. Com-
plex III exists only in one form in trypanosomatids [49], but in
our BN gels it migrates in several aggregates (Fig. 1C). However,
chromatographically isolated complex III from Euglena does not
show any signs of self-oligomerization (Fig. 5). This could imply
that Euglena complex III is in BN gels associated with proteins
which are not present in the chromatographically puriﬁed sample.
Euglena complex IV migrates in gels in various forms but not all of
them are active (Figs. 1 and 2). This is similar to trypanosomes.
Two main active forms of complex V can be detected in Euglena
(Figs. 1 and 2). However, similarly to trypanosomatids [49], the
number of signals as well as their relative intensities vary among
the individual experiments (data not shown).
2D mitochondrial membrane protein proﬁle (Fig. 1) differed not
only from that of trypanosomatids [49] but also from the recently
published euglenid one [37]. E.g. complex III does not co-migrate
with complex IV as previously described [37]. The differences
between these results could be likely due to different methods
Fig. 6. Absorbance (A) and difference absorption (B) spectra of cytochromes b and c1 of complex III from dark-grown E. gracilis strain Z. (A) ferr oxid – fully oxidized spectrum
(by ferricyanide); asc red – partially reduced spectrum (by ascorbate) with reduced cytochrome c1; dith red – fully reduced spectrum (by sodium dithionite) with reduced
cytochromes b and c1. (B) asc red – ferr oxid – difference absorption spectrum as a result of subtraction of the absorbance values of the sample oxidized by ferricyanide from
the sample reduced by ascorbate, dith red – asc red – difference absorption spectrum as a result of subtraction of the absorbance values of the sample reduced by ascorbate
from the sample reduced by sodium dithionite.
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Different aggregates are typical for all complexes except for
complex II (see Fig. 2), although their relatively intensities/quanti-
ties differ. However, neither imunodetection (Fig. 1C) nor histo-
chemical staining (Fig. 2) suggest speciﬁc association of OXPHOS
complexes, i.e. formation of supercomplexes. Thus we assume that
at least some of the detected aggregates might be rather artifacts of
experimental procedures and they may not reﬂect situation
in vivo.
The differences between all four tested strains in activities of all
OXPHOS enzymes as well as in oxygen consumption were not sta-
tistically signiﬁcant. Our results did not reveal any correlation
between enzymatic activities of complexes I, II, III and IV, the
activity of ATP-ase, oxygen consumption, light- vs. dark growth
condition and the functionality of plastids. The differences
between EGZ and OFL, and cells grown in the light and dark seem
to be rather stochastic. Thus light (or dark) and functionality (non-
functionality) of plastids does not seriously affect OXPHOS in E.
gracilis.
We have also conﬁrmed that lactate is a suitable substrate for
OXPHOS in Euglena [35,27]. The respiration level after the addition
of succinate is about a half of that observed after the addition of
lactate (Fig. 3B) in agreement with other results [27]. The usage
of glycerol-3-phosphate as a substrate for respiration was also of
particular interest. In trypanosomatids and also in other
eukaryotes, glycerol-3-phosphate dehydrogenase (G3PDH)
transfers the electrons to respiratory chain [21]. Low butdetectable oxygen consumption after the addition of this substrate
to mitochondria indicates the presence of this enzyme in Euglena.
Relatively high respiration rate after the addition of pyruvate
(+malate) was surprising, because previous publications [9,27]
suggested that pyruvate is useless under aerobiosis in Euglena. In
contrast, our results indicate mitochondrial pyruvate dehydroge-
nase activity under aerobic conditions. Intensive oxygen consump-
tion by isolated mitochondria of Euglena using NADH as substrate
was also surprising. NADH is generally not transportable through
mitochondrial inner membrane. However, mitochondria of trypan-
osomatids [50], some Fungi [33,29,28] and plants [45] can oxidize
NADH by an alternative rotenone-insensitive NADH-dehydroge-
nase localized in the mitochondrial inner membrane orientated
to the intermembrane mitochondrial space. Although alternative
NADH-dehydrogenase was not identiﬁed in Euglena transcriptomic
data [37], our results suggest the presence of this enzyme in
euglenids.
Our respiration inhibitory experiments revealed that both KCN-
sensitive pathway and SHAM-sensitive terminal oxidase are
present in Euglena. SHAM-sensitivity was measurable only when
lactate was used as an energy source. While using succinate as a
substrate for respiration, SHAM had no inﬂuence. Our results
support the assumption that the substrate affects the transfer of
electrons to oxygen by both KCN- and SHAM-sensitive alternative
pathway. The respiration inhibitory effect of KCN, antimycin A and
myxothiazol in E. gracilis ranged from 41% to 80%, and no speciﬁc
correlation between using different strains, substrates and light
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ferent inhibitors (Fig. 4). It was suggested [35] that lactate as a sub-
strate stimulates electron transfer through an alternative complex
III, sensitive to myxothiazol and resistant to antimycin A. However,
the measurements of oxygen consumption after the addition of
myxothiazol and antimycin A (Fig. 4) do not support the presence
of two different forms of complex III in euglenid mitochondria.
The isolated mitochondrial complex III from Euglena contained
cytochromes c1 and b. In the trypanosomatid L. tarentolae, the dif-
ferential spectrum of cytochrome b (sodium dithionite-ascorbate)
has two peaks – at 559 and 530 nm, and the differential spectrum
of cytochrome c1 (ascorbate–ferricyanide) has also two peaks – at
560 and 526 nm [24]. Similarly, the differential spectra of cyto-
chromes b and c1 from beef heart mitochondria show two peaks
[1]. The reduced spectra of Euglena have only one clear peak at
about 560 nm (Fig. 6). The only spectrum revealing clear second
peak is that of dithionate-ascorbate with maximum at about
530 nm. The absence of clear peak at this wavelength in the other
spectra could be explained by presence of other interfering spec-
tra, but the purity of isolated complex III (Fig. 5) suggests this
possibility quite unlikely. An atypical heme-binding structure of
cytochrome c1 in Euglena [36] does also not explain its unusual
spectra, because the same structure of cytochrome c1 heme-bind-
ing site is also typical for trypanosomatids [5,17] whose spectra
contain two peaks [24]. Additional characterization of heme
group in cytochromes b and c1 would be needed to explain this
phenomenon.
Taken together, our results support the presence of the standard
fully functional respiratory chain as well as of alternative oxidase
and alternative mitochondrial NADH-dehydrogenase in both EGZ
and OFL. Pyruvate can be used as a substrate for respiration also
under aerobiosis. The functionality of plastids and the light and dark
growth conditions have little effect on the oxygen consumption by
E. gracilis mitochondria and the OXPHOS activities in Euglena.
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